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The Preprotein Translocation Channel
of the Outer Membrane of Mitochondria
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Transport of nuclear-encoded preproteins into mito-
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branes (for review, see Ryan and Jensen, 1995; Lill et al.,1 Institut fuÈ r Physiologische Chemie, Physikalische
1996; Haucke and Schatz, 1997; Neupert, 1997; PfannerBiochemie, und Zellbiologie der UniversitaÈ t MuÈ nchen
and Meijer, 1997). In the outer membrane, the TOM com-Goethestrasse 33
plex mediates the recognition of preproteins, their trans-80336 MuÈ nchen
fer through the outer membrane, and the insertion ofGermany
resident outer membrane proteins. The inner membrane2Department of Biological Sciences
translocation machinery (TIM) facilitates further transferUniversity of Alberta
of preproteins across and into the inner membrane. TwoEdmonton, Alberta T6G 2E9
TIM complexes exist that are specific for different sub-Canada
sets of preproteins (Sirrenberg et al., 1996, 1998; Neu-3Laboratoire de Neurobiologie Cellulaire et MoleÂ culaire
pert, 1997; Pfanner and Meijer, 1997; KoÈ hler et al., 1998).Centre National de la Recherche Scientifique
Studies with Neurospora crassa and Saccharomyces91198 Gif-sur-Yvette Cedex
cerevisiae have identified a number of components ofFrance
the outer membrane translocase (for review, see Neu-4Lehrstuhl fuÈ r Biotechnologie
pert, 1997). These include import receptors and compo-
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nents forming a putative general import pore. The identi-
97074 WuÈ rzburg
fication of human and rat homologs of proteins of the
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TOM complex suggests that the protein import machin-5Abteilung fuÈ r Molekulare Strukturbiologie
ery is conserved throughout the eukaryotic kingdom
Max-Planck Institut fuÈ r Biochemie (Goping et al., 1995, Iwahashi et al., 1997). Genetic and
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biochemical analysis revealed five components, Tom70
Germany (Hines et al., 1990; SoÈ llner et al., 1990), Tom71 (Schloss-6 Institut fuÈ r Zytobiologie der Philipps-UniversitaÈ t mann et al., 1996), Tom37 (Gratzer et al., 1995), Tom20
Marburg (SoÈ llner et al., 1989; Ramage et al., 1993), and Tom22
Robert-Koch-Str. 5 (Kiebler et al., 1993; Lithgow et al., 1994; HoÈ nlinger et
35033 Marburg al., 1995; Nakai and Endo, 1995) that are involved in the
Germany recognition of preproteins. Preproteins with N-terminal
matrix targeting sequences and proteins of the outer
membrane are mainly recognized by a subcomplex
composed of Tom22 and Tom20 (Mayer et al., 1995a;
Summary Brix et al., 1997). In contrast, Tom70 and Tom71 were
found to bind preferentially preproteins with internal tar-
The preprotein translocase of the outer membrane of geting information (Schlossmann et al., 1994; Brix et al.,
mitochondria (TOM complex) facilitates the recogni- 1997).
tion, insertion, and translocation of nuclear-encoded The other components of the TOM complex are more
mitochondrial preproteins. We have purified the TOM deeply embedded in the outer membrane. These include
complex from Neurospora crassa and analyzed its Tom40 (Vestweber et al., 1989; Kiebler et al., 1990) and
composition and functional properties. The TOM com- three smaller components, Tom7 (HoÈ nlinger et al., 1996),
plex contains a cation-selective high-conductance Tom6 (Kassenbrock et al., 1993; Alconada et al., 1995;
channel. Upon reconstitution into liposomes, it medi- Cao and Douglas, 1995), and Tom5 (Dietmeier et al.,
ates integration of proteins into and translocation 1997). Tom40 is thought to represent a main component
across the lipid bilayer. TOM complex particles have of the protein insertion pore. Coimmunoprecipitation
a diameter of about 138 AÊ , as revealed by electron and gel filtration experiments demonstrated that Tom70,
microscopy and image analysis; they contain two or Tom40, Tom20, and Tom22 and three smaller Tom com-
three centers of stain-filled openings, which we inter- ponents form a complex (Kiebler et al., 1990; SoÈ llner
pret as pores with an apparent diameter of about 20 et al., 1992). This is supported by nondenaturing gel
AÊ . We conclude that the structure reported here repre- electrophoretic analysis of detergent solubilized mito-
sents theprotein-conducting channel of the mitochon- chondria (Dekker et al., 1996).
drial outer membrane. So far, biochemical analyses and genetic studies have
provided insights into the function of individual Tom
components. Little is known, however, about the struc-
tural organization of the proteins in the translocase. Iso-
lation and reconstitution of components of detergent-
solubilized membranes have successfully been used to7 To whom correspondence should be addressed.
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Figure 1. Purification of the TOM Complex
(A) The TOM complex was isolated from mito-
chondrial outer membrane vesicles of a Neu-
rospora strain carrying a Tom22 with a hexa-
histidinyl tag. The vesicles were lysed with
digitonin and subjected to Ni-NTA chroma-
tography. Column fractions (E19±E31) were
analyzed by SDS-PAGE and proteins were
stained with Coomassie brilliant blue. The mi-
nor band running below Tom22 represents a
fragment of Tom22 that lacks four N-terminal
amino acid residues. The band marked by an
asterisk represents mitochondrial porin.
(B) The TOM complex isolated as in (A) was
subjected to gel filtration on Superose 6. Col-
umn fractions (E6±E23) were analyzed by
SDS-PAGE and staining with Coomassie. The
components of the TOM complex Tom70,
Tom40, Tom20, Tom22, Tom7, and Tom6 are
indicated.
The lanes marked with M1 and M2 represent
molecular weight protein standards; L and F,
load and flow-through fraction, respectively.
analyze the protein translocation machineries of the en- acid sequences. The complete sequences deduced
from these cDNAs revealed 28% and 51% identity withdoplasmic reticulum (GoÈ rlich and Rapoport, 1993; Han-
ein et al., 1996; Beckmann et al., 1997; Matlack et al., yeast Tom6 and Tom7, respectively (M. D. et al., unpub-
lished data). A third small component of about 5±6 kDa1998) and the bacterial plasma membranes (Brundage
et al., 1990; Akimaru et al., 1991). We report nowpurifica- was seen in very low amounts upon silver staining of
gels; its identity and role in the complex remain to betion of the TOM complex in amounts that allow a detailed
characterization. Using the purified complex, we have determined. Fractions containing the TOM complex also
included small amounts of a proteolytic fragment ofdetermined the stoichiometry of thesubunits in thecom-
plex. After reconstitution into lipid vesicles, the purified Tom22 lacking four N-terminal amino acid residues (as
indicated by protein sequencing) and two minor uniden-TOM complex is capable of mediating the insertion of
outer membrane proteins, the import of intermembrane tified bands.
The TOM complex was further purified and character-space proteins, and the translocation of N-terminal sig-
nal sequences of matrix-targeted proteins. In planar lipid ized by size exclusion chromatography on a Superose
6 column (Figure 1B). It eluted from the column as twomembranes, the TOM complex forms a cation-selective
high-conductance channel. Electron microscopy and overlapping fractions that differed in the relative ratio
of Tom70 and Tom40. It is noteworthy here that Tom70image analysis of negatively stained TOM complex re-
veal structures of a maximal diameter of z138 AÊ con- was not found in other fractions, suggesting it remained
stably associated with theother components of the TOMtaining two or three stain-accessible cavities, which we
propose represent protein-conducting channels. complex. Protein bands other than those representing
the established Tom components were not present. The
molecular mass of the TOM complex was estimated toResults
be 550±600 kDa according to its elution from the sizing
column.Isolation and Purification of the TOM Complex
The TOM complex was purified from a Neurospora strain
that carried a version of Tom22 with a hexahistidinyl tag Composition of the Purified TOM Complex
The proportions of Tom70, Tom40, Tom22, and Tom20at its C terminus. Isolated mitochondrial outer mem-
branes were solubilized with digitonin and passed over in the isolated complex were nearly identical to the pro-
portions in outer membrane vesicles (data not shown).a Ni-NTA affinity column. The bound material was eluted
with an imidazole gradient (Figure 1A). TOM complex When mitochondria were used as starting material for
TOM complex isolation instead of outer membrane vesi-was recovered in three major fractions that accounted
for about 4%±7% of total protein loaded onto the Ni- cles, a smaller relative proportion of Tom70 was associ-
ated with theTOM complex,and more Tom70 was foundNTA column. About 10%±40% of total TOM complex
was detected in the flow-through fraction of the column. in the flow-through fraction (data not shown). This
agrees with previous findings that only a portion of totalThe identities of Tom70, Tom22, and Tom20 were shown
by amino-terminal protein sequencing. Tom40, which mitochondrial Tom70 is associated with the TOM com-
plex (Kiebler et al., 1990) and that Tom70 appears to becontains a blocked N terminus, was verified by immuno-
decoration. Two smaller Tom components with appar- enriched at the sites of contact between outer and inner
membranes (Kiebler et al., 1990; SoÈ llner et al., 1990).ent masses of around 6 kDa, Tom6 and Tom7, were
identified. The genes encoding these proteins were To determine the stoichiometry of the Tom compo-
nents in the isolated complex, cells were grown in thecloned by PCR from an N. crassa cDNA library using
degenerate primers derived from their N-terminal amino presence of 35S-sulfate, and purification was performed
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by Ni-NTA chromatography as described above. SDS-
PAGE and phosphorimaging analysis of purified material
revealed a molar ratio of Tom70, Tom40, Tom22, and
Tom20 of 1.5 (6 0.2) : 8 (6 0.3) : 3.1 (6 0.1) : 2 (mean 6
SD; n 5 3). Tom20 was taken as a reference and set to
2. The stoichiometry of Tom6 and Tom7 could not be
determined with sufficient accuracy. Given the molecu-
lar masses of Tom70, Tom40, Tom22, and Tom20 of
68.9, 38.2, 16.8, and 20.2 kDa (deduced from the amino
acid sequences), respectively, the total molecular mass
of the TOM complex of 504 kDa was calculated on the
basis of the stoichiometry as determined above. This
estimate does not include the components Tom6 and
Tom7; therefore, this value is in good agreement with
the molecular mass of the TOM complex determined by
size exclusion chromatography (see Figure 1B). The odd
stoichiometry of 1.5 for Tom70 most likely reflects the
observed presence of subsets of the TOM complex as
revealed by molecular sizing.
Channel Forming Activity of the TOM Complex
The channel forming activity of the isolated TOM com-
plex was analyzed by reconstitution into lipid bilayers.
In a first set of experiments, TOM complex purified by
size exclusion chromatography was added to one side
of a black lipid membrane bilayer made of diphytanoyl
phosphatidyl choline (DPPC). A membrane potential of
120 mV was imposed. Current recordings show charac-
teristic steps of conductance increase, reflecting inser-
tion of TOM complexes into the lipid membrane (Figure
2A). The conductances measured were dependent on
the salt concentration in a roughly linear fashion (Figure
2B). A histogram of 182 insertion events (Figure 2C) Figure 2. Channel Activity of the TOM Complex Inserted into Lipid
Bilayer Membranesrevealed an average conductance level of about 2.3 nS
(A±D) Multiple channel analysis of purified TOM complex reconstitu-in the presence of 1 M KCl; at 0.1 M KCl, an average
ted in a planar lipid bilayer. Purified TOM complex (1.6 mg/ml finalconductance of 0.5 nS was measured.
concentration) was added to one side of a black lipid bilayer formedTo rule out the possibility that the channel activities
of diphytanoyl phosphatidylcholine/n-decane. The aqueous phase
were due to residual nondetected amounts of mitochon- contained 1 M KCl. A membrane potential of 120 mV was applied.
drial porin present in our preparations, we performed (A) Insertion of TOM complexes into the lipid bilayer. (B) Effect of
control experiments with porin obtained from the Ni- salt on channel conductance of the TOM complex. The channel
conductances were recorded as a function of the concentration ofNTA flow-through fraction (see Figure 1A) and with porin
KCl. The data represent the mean conductances of n 5 10, 41,directly isolated from N. crassa mitochondria. Consis-
67, and 182 measurements at 50, 100, 300, and 1000 mM KCl,tent with previous studies (Freitag et al., 1983), we mea-
respectively. (C and D) Comparison of the channel conductancessured an average conductance for porin of about 4.0
of TOM complex and mitochondrial porin. (C) Histograms of channel
nS (n 5 93) in 1 M KCl at a membrane potential of conductances of TOM complex and (D) histograms of conductances
120 mV (Figure 2D). The TOM complex and porin also of purified porin. Recording of conductance increments was carried
out as described in (A). P(G) is the probability that a given conduc-differed in their ion selectivities. TOM complex displayed
tance increment G is observed. The data represent 182 and 93a ratio of cation to anion permeability of 3.0 whereas
insertion events for TOM complex and porin, respectively.for porin this ratio was 0.4. Thus, the channel is slightly
(E and F). Single-channel analysis after fusion of proteoliposomes
cation selective. containing the purified TOM complex with bilayers formed by the
In a second set of experiments, we examined the Mueller-Rudin method. (E) Current recordings after applying the indi-
opening states of the TOM complex channel in more cated potentials. Characteristic fast fluctuations between the three
detail. Proteoliposomes were reconstituted using puri- main levels occur at 170 mV. (F) Proteoliposomes containing the
purified TOM complex were subjected to sonication for 1 min in afied TOM complex and allowed to fuse with a DPPC
Bransonic 12 bath sonicator. Dashed line: zero conductance level.bilayer driven by a salt gradient. Fusion events yielding
insertion of single channels were monitored and channel
observed in the single-channel recordings for the openedactivities recorded (Figure 2E). The channels showed
state (0.85 nS) were very similar to those measured inthree main conductance levels, which were equally
the multiple channel recordings (see Figure 2C).spaced by jumps in conductance of z0.3 nS at a salt
On few occasions and more frequently after sonica-concentration of 0.15 M NaCl. The three main conduc-
tion or multiple freeze±thaw cycles, channels havingtance levels represent opened, half-opened, and closed
only two main conductance levels were observed (Fig-states of the channel. The channel exhibited typical fluc-
tuations at voltages of 170 mV. Thus, the conductances ure 2F). In the open state, their conductance was about
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half that of the open state of the channels described
above. They had the same cationic selectivity. There-
fore, sonication of the isolated TOM complex may lead
to inactivation of one of two pores or to dissociation of
a dimeric structure.
In summary, the TOM complex represents an ion
channel with a selectivity for cations. It differs from mito-
chondrial porin in all respects analyzed.
Functional Reconstitution of the TOM
Complex into Lipid Vesicles
Is the purified TOM complex sufficient to sustain protein
import? Proteoliposomes were prepared containing the
TOM machinery as the only proteinaceous component.
The efficiency of insertion into the lipid bilayer ranged
between 75% and 90%. About 65% of the cytosolic
domains of the receptor proteins Tom70 and Tom22
in the reconstituted TOM complex were accessible to
proteases added to the vesicles and, therefore, were in
the correct outside-out orientation (Figure 3A). Treat-
ment of outer membrane vesicles and reconstituted
TOM complex with trypsin resulted in characteristic
fragments of Tom70 and Tom22 (Mayer et al., 1993;
Schlossmann et al., 1994).
Treatment of outer membrane vesicles with protein-
ase K resulted in the formation of two Tom40 fragments
of about 26 and 12 kDa (Figure 3B). Fragments of these
sizes representing ca. 75% of incorporated Tom40 were
obtained when liposomes containing the reconstituted
Figure 3. Reconstitution of the TOM Complex into LiposomesTOM complex were subjected to the same procedure.
Proteoliposomes were formed by dialyzing lipids isolated from mito-A minor fragment of about 36 kDa was observed after
chondrial outer membranes and detergent-solubilized purified TOMprotease treatment of reconstituted TOM complex and
complex (see Figure 1A). The orientation of reconstituted TOM com-TOM complex in detergent. Such a fragment was also
plex (rTOM) was determined by analyzing the protease sensitivity
seen when mitochondria with disrupted outer mem- of components of the TOM complex. Controls included outer mem-
branes were treated with proteinase K (K.-P. K. et al., brane vesicles (OMVs) and nonreconstituted TOM complex (TOM).
unpublished data). This indicates the presence of a mi- Vesicles containing reconstituted TOM complex, OMVs, or TOM
complex in detergent solution were treated for 20 min with 25 mg/nor fraction of the reconstituted complex in an inverse
ml trypsin or 50 mg/ml proteinase K on ice. Samples were analyzedorientation.
by SDS-PAGE and immunoblotting using antibodies directedImport of mitochondrial preproteins into the vesicles
against (A) Tom70 and Tom22, and (B) Tom40. Tom70 runs as two
containing the reconstituted TOM complex was ana- bands that represent its mono- and dimeric forms. F65Tom70, F12Tom22,
lyzed. The possibility of reconstituting extracts of outer F26Tom40, and F12Tom40: fragments of the respective apparent molecu-
membranes into lipid vesicles and of observing import lar mass derived from the various Tom proteins.
of precursor proteins has been reported (Iwahashi et
al., 1994). So far, translocation of matrix-targeted or TOM complex (rTOM) was observed; its efficiency was
inner membrane proteins has only been observed in about 2- to 3-fold higher than that of import into OMVs.
intact mitochondria and in mitoplasts. Therefore, we The amount of reconstituted purified TOM complex pro-
chose to study the import of three outer membrane tein in the rTOM sample was the same as the total outer
preproteins, Tom70, Tom40, and mitochondrial porin; membrane protein in the OMV sample; therefore, the
whereas Tom70 spans the membrane once, presumably higher efficiency is explained by the fact that the TOM
with an a-helical segment, the latter two proteins are complex comprises only about 7% of total outer mem-
integrated into the membrane most likely by multiple b brane protein. Vesicles prepared from the flow-through
sheets (Mannella, 1992; Court et al., 1995). Furthermore, fraction (rFT) largely depleted of TOM complex showed
translocation of a protein located in the intermembrane only residual import. When vesicles containing proteins
space, cytochrome c heme lyase (CCHL) was studied from the flow-through fraction were supplemented with
(Lill et al., 1992). These preproteins were incubated with purified TOM complex (20%±50% of the amount present
lipid vesicles containing the purified TOM complex, with in the sample rTOM), import activity was increased.
outer membrane vesicles (OMVs), and with lipid vesicles The import of mitochondrial porin into vesicles con-
not containing any protein. Lack of extractability at pH taining reconstituted TOM complex and into OMVs oc-
11.5 (Tom40 and Tom70) and acquisition of resistance curred with similar kinetics (Figure 4B). The import could
to degradation by added proteinase K (porin and CCHL) be competed with pSu9-DHFR, a fusion protein targeted
were used as criteria for import. to the mitochondrial matrix that consists of the prese-
Import of Tom40, Tom70, and CCHL precursors (Fig- quence of subunit 9 (Su9) of F0-ATPase and dihydrofo-
late reductase (DHFR) (Figure 4C). Previous experimentsure 4A) into proteoliposomes containing reconstituted
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with intact mitochondria and OMVs have established
that pSu9-DHFR and porin can compete for the same
translocation site in the outer membrane (Pfaller et al.,
1988).
Isolated outer membrane vesicles cannot translocate
matrix proteins, but they facilitate transfer of an N-termi-
nal targeting signal across theouter membrane in such a
fashion that mitochondrial processing peptidase (MPP)
placed in the lumen of OMVs has access to the cleavage
site and can generate mature species (Mayer et al.,
1995b). When MPP was included into the lumen of lipo-
somes that contained reconstituted TOM complex, added
pSu9-DHFR was processed (Figure 4D). When the folded
state of the DHFR domain was stabilized with metho-
trexate, processing was strongly reduced, as the cleav-
age site could not reach the MPP in the lumen of the
vesicles.
In conclusion, the purified TOM complex can be re-
constituted into artificial vesicles and can facilitate
membrane insertion of resident outer membrane pro-
teins, translocation of cytochrome c heme lyase, and
translocation of the N-terminal targeting sequence of a
protein targeted to the matrix.
Structure of the Purified TOM Complex
The purified TOM complex was studied by electron mi-
croscopy using negatively stained samples (Figure 5).
On the unprocessed micrographs, TOM complex parti-
cles consisting of two or three ring-shaped structures
were observed. The rings contain cavities that appear
as centers of stain accumulation. Smaller particles with
a single stain-filled pit were observed much less fre-
quently. None of these structures were observed in con-
trol specimens that were prepared from early column
fractions not containingTOM complex components, elu-
Figure 4. Import of Mitochondrial Preproteins into Proteoliposomes tion buffer, or mitochondrial porin preparations (data
Containing the Purified TOM Complex not shown).
(A) Import of Tom40, Tom70, and CCHL. Samples containing 50 mg For averaging multiple images of the TOM complex,
total protein of OMVs, purified TOM complex reconstituted into lipid 2467 individual particles were visually selected and ex-
vesicles (rTOM), reconstituted flow-through fraction of the Ni-NTA
tracted. Since the distances between the stain-filled re-column without (rFT) or with added purified TOM complex (r[FT1TOM];
gions were similar among the particles showing two10 mg added in the case of Tom70 and Tom40; 25 mg in the case
and three cavities, all particles were translationally andof CCHL) were incubated with radiolabeled preproteins. After incu-
bation for 10 min at 258C, vesicles werereisolated by ultracentrifuga- rotationally aligned using a synthetic double-ring model
tion. To distinguish integrated Tom40 and Tom70 from noninte- pattern as a first reference (see Experimental Proce-
grated material, alkaline extraction was performed. The assay for dures). The average resulting from superimposition of
CCHL import relied on acquisition of resistance to degradation by
the aligned images produced a map with three centersadded proteinase K.
of stain accumulation, which can be interpreted as pores(B) Import kinetics of mitochondrial porin. Radiolabeled precursor
traversing the complex (Figure 6A). One of these showedof porin was incubated at 208C with OMVs (20 mg total protein) and
with lipid vesicles containing purified TOM complex (rTOM; 20 mg less contrast compared to the others. The data set was
protein). Control import reactions were performed with liposomes divided into 20 clusters using multivariate statistical
not containing any protein. Aliquots were withdrawn after different analysis (MSA) and subsequent classification (Figure
periods of time and analyzed.
6B). The main variance between the class averages re-(C) Import of porin in the presence of increasing concentrations of
lated to the number and definition of pores. The classespSu9-DHFR (conditions were as in [B]; incubation period was 5 min).
that represented partially disintegratedparticles (37% ofPorin import into control samples without addition of pSu9-DHFR
was set to 100. the data set) were excluded, and MSA and classification
(D) Processing of pSu9-DHFR by purified mitochondrial processing were repeated after refining the alignment. The resulting
peptidase (MPP) entrapped into lipid vesicles containing reconstitu- class averages shown in Figures 6C±6E represent 875
ted TOM complex or into protein-free lipid vesicles. The reaction
particles with two and 613 particles with three pores. Awas performed for 30 min at 258C in the absence or presence of 1
minority of 54 particles displayed only one pore (FiguremM methotrexate (MTX).
6C). The resolution of the three-pore projection map is
(24 AÊ )21 according to the Fourier ring correlation cri-
terion.
The particles with three pores exhibited a diameter of
Cell
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Figure 5. Electron Micrographs of the Iso-
lated TOM Complex
Purified TOM complexes were applied to car-
bon-coated grids for electron microscopy
and were negatively stained with uranyl ace-
tate. (A) Electron micrographs of TOM com-
plexes were taken at a magnification of
33,6003. TOM complex particles are circled.
Scale bar, 500 AÊ . (B) Selected images of TOM
complexes from an electron micrograph with
different numbers of stain-filled areas. Scale
bar, 50 AÊ .
about 138 AÊ . The distance between two pore centers We reconstituted the purified TOM complex inartificial
vesicles and provide evidence that the TOM complex ismeasured roughly 50 AÊ , and the apparent pore was
about 20 AÊ in diameter. Based on a specific volume of necessary and sufficient for import of resident outer
membrane proteins into the lipid bilayer. The reconstitu-a protein of 0.73 cm3/g (Richards, 1977), the projection
map allowed us to obtain a rough estimation of the ted complex also facilitates import of the intermembrane
space protein, cytochrome c heme lyase, and the initialmolecular mass of the TOM complex. Assuming a cylin-
drical particle with three pores of 20 AÊ , a diameter of translocation of the N-terminal signal of a matrix-tar-
geted preprotein.138 AÊ , and a thickness of 50 to 60 AÊ , which corresponds
to the average thickness of a lipid membrane, a molecu- The TOM complex forms a large ion-conducting chan-
nel when integrated into planar lipid bilayers. Upon sin-lar mass of 500±600 kDa can be calculated.
gle-channel analysis, the TOM complex showed three
states that can be described as closed, half-open, andDiscussion
open. These may represent the opening and closing
states of distinct pores in the complex.We report the isolation and purification of the protein
import machinery of the outer membrane of Neurospora The electrical properties of TOM complex resemble
those of a previously described cationic channel in themitochondria on a preparative scale. This method yields
structurally intact TOM complex that allows detailed outer membrane of mammalian and yeast mitochondria,
the peptide-sensitive channel PSC (Thieffry et al., 1988;biochemical and biophysical characterization. The puri-
fied complex contains the known components Tom70, K.-P. KuÈ nkele et al., unpublished data). The PSC has
been reported to be partially blocked by basic peptides,Tom40, Tom22, Tom20, Tom7, and Tom6 (reviewed in
Neupert, 1997). It remains to be determined whether including mitochondrial presequences (FeÁ vre et al.,
1994; Juin et al., 1997), and displays the same ion selec-another protein of about 6 kDa present in very low
amounts corresponds to yeast Tom5 (Dietmeier et al., tivity as found for the purified TOM complex. The similar-
ities between the TOM complex and the PSC in these1997).
Protein Translocase of Mitochondrial Outer Membrane
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Figure 6. Single-Particle Analysis of Purified
TOM Complex
(A) Correlation averaging and statistical anal-
ysis of negatively stained TOM complex.
From electron micrographs, 2467 views were
extracted as shown in Figure 5.
(B) Based on eigenimage analysis, the data
set was split into 20 classes. The major differ-
ence between the class averages is the num-
ber of assembled pores.
(C±E) After refined alignment, the particles fell
into three groups. Averaged structures with
one (C), two (D), and three (E) stain-filled areas
are represented by 54, 875, and 613 particles.
Scale bar: 50 AÊ .
conductance properties suggest that the two are iden- The pores of the TOM complex in the electron micro-
graphs have a diameter of z20 AÊ . Our electrophysiologytical.
We propose that the purified TOM complex contains data allow estimation of the minimum size of a single
pore, using Ohm's law, to be z16 AÊ ; this is under thean aqueous preprotein-conducting pore in an oligomeric
form. The concept of an aqueous pore has also been assumption that a TOM complex contains two equiva-
lent pores of a length corresponding to the thicknesssuggested for the ER translocation channel (Gilmore
and Blobel, 1985) and for the mitochondrial import site of a mitochondrial membrane (60 AÊ ) and that the pores
are filled with a solution of the same specific conduc-(Pfanner et al., 1987). Signal sequences and secretory
preproteins were shown to interact with protein compo- tance as the external solution (40 mM KCl, s 5 0.4 S/m).
The purified TOM complex exhibits interesting similar-nents of the import machineries (Crowley et al., 1994;
Neupert, 1997). ities as well as differences to the Sec61p complex,which
was recently reported to constitute the preprotein-con-Upon negative staining, the TOM complex exhibits a
structure with two or three stain-filled pits or pores, one ducting channel of the endoplasmic reticulum(ER) (Han-
ein et al., 1996). The Sec61p complex has a single-poreof these with reduced contrast. The molecular mass of
the complex determined by size exclusion chromatogra- structure with a diameter of 85 AÊ and a pore size of z20
AÊ (Hanein et al., 1996; Beckmann et al., 1997). This isphy is consistent with that calculated from the subunit
stoichiometry and from the projection maps obtained rather similar to the diameter of z75 AÊ for the single
ring of the TOM complex and its pore size of 16±20 AÊ .by electron microscopy and image analysis showing the
complex with three pores. It appears that there are two Moreover, the conductance of the TOM complex chan-
nel is similar to that of the protein-conducting systemsubsets of the TOM complex organized in two and three
rings. The isolated TOM complex shows three main con- in the ER membrane (Simon and Blobel, 1991) and the
Escherichia coli plasma membrane (Simon and Blobel,ductance levels; these may represent the opening states
of two distinct pores. Thus, the two-ring particles may 1992). It is considerably larger, however, than that of
recombinant Toc75, a voltage-gated component of theconstitute a two-pore core complex, which might be
complemented by additional components in the three- proposed protein-conducting channel of the chloroplast
envelope (Hinnah et al., 1997). Dynamic changes in thering particles. Upon sizing chromatography, TOM com-
plexes containing different amounts of Tom70 were ob- structure and pore size of the ER translocation channel
were reported (Hamman et al., 1997, 1998). In a ribo-served; this makes Tom70Ðespecially in its dimeric
formÐa possible candidate for such additional compo- some-free ER translocon, the pore measures 9±15 AÊ
in diameter versus 40±60 AÊ in a functional translocon.nents. Whether a third ring might have channel activity
and, if so, of which properties remains unclear at pres- Whether the TOM complex undergoes similar structural
changes during protein translocation remains to be elu-ent. The observation of two-ring structures could, how-
ever, also be due to a nonuniform orientation of three- cidated.
A central structural and functional role in organizingring particles with respect to the incident beam, that is,
some tilting resulting in a reduced representation of the the translocation channel of the outer membrane of mi-
tochondria can be assigned to Tom40. Together withthird ring; in addition, incomplete complexes may exist
that result from partial dissociation during preparation. Tom22, Tom40 is the major constituent of the TOM com-
plex. Tom40 was predicted to consist of an amphipathicDissociation might also generate the more rarely ob-
served single-ring particles. b-strand structure deeply embedded in the membrane
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digitonin. Specifically bound material was eluted with 300 mM imid-(Court et al., 1995). The data presented here would favor
azole in SB supplemented with 0.5% digitonin. Fractions were ana-the view of several Tom40 molecules, rather than a sin-
lyzed by SDS-PAGE followed by staining with Coomassie brilliantgle Tom40, forming a channel. This is supported by the
blue or immunodecoration. Final purification of TOM complex was
results of a recent study using chemical cross-linking achieved by passing TOM complex fractions eluted from the Ni-
showing Tom40 to exist in a homooligomeric assembly NTA column over a Superose 6 size exclusion column (Pharmacia)
using 40 ml SB buffer (4 column volumes) containing 0.5% digitonin.within the complex (D. Rapaport et al., unpublished
The column fractions were analyzed by SDS-PAGE using a high-data). Tom40 and Tom22 are the only essential subunits
Tris urea gel system with 19% acrylamide and 0.25% bis-acrylamideof the mitochondrial outer membrane protein importma-
containing 6 M urea, 0.75 M Tris-Cl (pH 8.8), and 0.1% SDS in thechinery in Neurospora and yeast (Baker et al., 1990;
separating gel. The sample gel contained 5% acrylamide and 0.07%
Lithgow et al., 1994; HoÈ nlinger et al., 1995; Nakai and bis-acrylamide, 6 M urea, 0.125 M Tris-Cl (pH 6.8), and 0.1% SDS.
Endo, 1995; Nargang et al., 1995). Import of preproteins Analytical gels (thickness 1 mm, length 25 cm) were run for 12 hr
at 25 mA with a buffer containing 200 mM glycine, 50 mM Tris-base,into mitochondria lacking functional Tom22 or Tom40
and 0.1% SDS.is completely inhibited (Vestweber et al., 1989; Nargang
et al., 1995). On the other hand, mitochondria lacking
functional receptors can still facilitate import of prepro- Reconstitution of Purified TOM Complex
Lipids prepared from outer membrane vesicles of N. crassa (Haller-teins, though at a reduced rate (Pfaller et al., 1989; SoÈ ll-
mayer and Neupert, 1974; de Kroon et al., 1997) were solubilizedner et al., 1989; Ramage et al., 1993; Harkness et al.,
by addition of 8% N-heptyl-b-thioglucopyranoside (HTGP) (Calbio-1994). This suggests that Tom40 and, perhaps, Tom22
chem, La Jolla, CA) and incubation for 30 min on ice. Solubilizedare the essential structural elements of the preprotein
lipids corresponding to 6 mmol phospholipid phosphate in 0.3 ml
translocation channel of the outer mitochondrial mem- were mixed with 1 mg TOM complex in 0.9 ml. The solution was
brane. supplemented with DTT and PMSF to yield a final composition of
50 mM K-acetate, 10 mM MOPS (pH 7.0), 20% glycerol, 225 mMThe availability of purified TOM complex will open new
imidazole, 1 mM DTT, 1 mM PMSF, 0.375% digitonin, and 2% HTGP.ways of analyzing the structure and function of the TOM
Reconstitution was performed by dialysis at 48C for 36 hr againstcomplex. This includes the determination of the three-
1 liter of the same buffer but without digitonin and HTGP. All buffersdimensional structure of the complex, in particular the
were prepared with degassed deionized water and kept under a
nature of the hydrophilic channels, the elucidation of nitrogenatmosphere. After reconstitution, the newly formed vesicles
the binding sites for presequences, and themechanisms were reisolated either by flotation ultracentrifugation in a sucrose
gradient (Mayer et al., 1993) or by a two-stepprocedure with an initialof translocation and membrane insertion of precursor
low-speed centrifugation (2300 3 g, 15 min) to remove aggregatedproteins.
material first, followed by a high-speed centrifugation (125,000 3
g, 40 min) to spin down the vesicles. For inclusion of mitochondrial
Experimental Procedures processing peptidase (aMPP and bMPP), the purified proteins
(Mayer et al., 1995b) were added to the reconstitution mixture at a
Growth of Cells, Preparation of Mitochondria concentration of 2 mg/ml. After dialysis, a suspension of vesicles
Growth of N. crassa strain GR-107 containing a version of Tom22 was made in 35% (w/v) sucrose, 0.3 M KCl, 10 mM MOPS (pH 7.2),
with a hexahistidinyl tag at its C terminus (K.-P. K. et al., unpublished and 1 mM EDTA and placed in a 40 ml tube of a SW28 rotor (Beck-
data) and the preparation of mitochondria were performed ac- man). It was overlaid with 29 ml of 25% (w/v) sucrose, 0.3 M KCl,
cording to previously described procedures (Sebald et al., 1979). 2 ml 15% sucrose, and 2 ml 0% sucrose, each 50 mM K-acetate.
The overlays contained 10 mM MOPS (pH 7.2). Flotation centrifuga-
tion was for 1 hr at 141,000 x g. Vesicles were harvested from thePreparation of Mitochondrial Outer Membranes
interface between the two top layers. Western blotting analysis wasMitochondrial outer membrane vesicles were isolated by a pre-
performed to confirm trapping of identical amounts of MPP in vesi-viously described procedure (Mayer et al., 1993) with minor modifi-
cles with and without reconstituted TOM complex.cations: mitochondria were isolated from 1500±2000 g (wet weight)
N. crassa GR-107 hyphae. Mitochondrial membranes were sepa-
rated from soluble matrix and intermembrane space proteins by Import of Preproteins in Vesicles Containing
centrifugation at 17,700 3 g after swelling of mitochondria at a Reconstituted TOM Complex
protein concentration of 2 mg/ml in 5 mM potassium phosphate (pH Import into proteoliposomescontaining reconstituted TOMcomplex
7.2), 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride (PMSF). was performed as described for import into outer membrane vesi-
The membrane pellets were resuspended in the same buffer and cles (Mayer et al., 1993). To assay insertion of precursor proteins
homogenized in an automatic glass-Teflon douncer for 40 min on (Tom70 and Tom40) into the membrane, vesicles were reisolated
ice to separate outer from inner membranes. Isolation of the outer by centrifugation at 125,000 3 g for 20 min at 28C. The pellets were
membranes was achieved by sedimentation and flotation centrifu- resuspended in 400 ml 0.1 M Na2CO3 and incubated for 30 min ongation of the homogenate in sucrose step gradients as previously ice (Fujiki et al., 1982). The insoluble fraction was reisolated by
described (Mayer et al., 1993). The isolated outer membranes were centrifugation at 125,000 3 g for 1 hr at 28C. In the case of porin
diluted 3-fold with 10 mM MOPS (pH 7.0), sedimented by centrifuga- and CCHL precursors, vesicles were treated after import with 100
tion at 257,320 3 g, resuspended in 10 mM MOPS (pH 7.0) at a
mg/ml proteinase K for 20 min at 08C to degrade nonimported mate-
protein concentration of 10 mg/ml, and directly used for isolation rial. Vesicles were reisolated by utracentrifugation. All membrane
of the TOM complex. pellets were analyzed by SDS-PAGE and the radioactive signals
quantified with a phosphorimager (Fuji, Japan). The background
levels of insertion (z10% of Tom40 and Tom70 import activity inIsolation and Purification of the TOM Complex
Outer membrane vesicles were solubilized in solubilization buffer rTOM samples, not detectable in case of CCHL and porin) were
measured by incubating preproteins with protein-free liposomes in(SB) containing 50 mM K-acetate, 10 mM MOPS (pH 7.0), 20%
glycerol, and 1% digitonin in the presence of 1 mM PMSF at a amounts equivalent to the previously estimated lipid contents of
OMV (95nmol), rTOM (185nmol), and rFT (160nmol). For competitionprotein concentration of 1 mg/ml. After 30 min, insoluble material
was removed by ultracentrifugation at 226,200 x g for 30 min. The of import by addition of pSu9-DHFR (pSu9(1±69)DHFR), a C-terminal
his-tagged version of this protein was expressed in E. coli andclarified extract was bound for 1 hr to nickel-nitrilotriacetic acid
resin (Ni-NTA; Qiagen) using 1 ml resin per 10 mg of total OMV purified by Ni-NTA chromatography. Processing of radiolabeled
pSu9-DHFR by vesicles containing reconstituted TOM complex andprotein. The column was rinsed with 20 vol of SB containing 0.5%
Protein Translocase of Mitochondrial Outer Membrane
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preloaded with MPP was performed as previously described (Mayer Baardman for his help with lipid preparations, M. Braun and R. G.
et al., 1995b). Ritzel for excellent technical assistance, and Dr. E. Wachter for
performing the N-terminal protein sequencing. The work was sup-
Conductance Measurements in Lipid Bilayers ported by grants of the Sonderforschungsbereich 184, Teilprojekt
Multiple channel recording: the methods used have been described B23, the Medical Research Council of Canada (F. E. N.), and a con-
previously (Benz et al., 1978). Membranes were formed from a 1% tribution from the MuÈ nchener Medizinische Wochenschrift (to S. N.).
(w/v) solution of diphytanoyl phosphatidylcholine (DPPC, Avanti Po-
lar Lipids, Alabaster, AL) in n-decane across circular holes (surface
Received March 4, 1998; revised May 4, 1998.area about 0.1 mm2) in the wall of a Teflon cell separating two
aqueous compartments of 5 ml volume each. The aqueous solutions
Referencescontained unbuffered KCl (pH 6.0) at the concentrations indicated
in the various experiments. TOM complex or mitochondrial porin
was added to the aqueous phase of one side of the membrane. The Akimaru, J., Matsuyama, S., Tokuda, H., and Mizushima, S. (1991).
ion selectivity of the TOM complex was determined by zero current Reconstitution of a protein translocation system containing purified
membrane potential measurements (Benz et al., 1979). A KCl gradi- SecY, SecE, and SecA from Escherichia coli. Proc. Natl. Acad. Sci.
ent was applied across the lipid bilayer, and zero current membrane USA 88, 6545±6549.
potentials EKCl were derived by interpolation of steady-state current Alconada, A., KuÈbrich, M., Moczko, M., HoÈ nlinger, A., and Pfanner,
dependence on membrane potential mediated by the TOM complex. N. (1995). The mitochondrial receptor complex: the small subunit
The average pore size of the TOM complex was estimated in a first Mom8b/Isp6 supports association of receptors with the general
approximation using Ohm's law (Hille, 1992). insertion pore and transfer of preproteins. Mol. Cell. Biol. 15, 6196±
Single-channel recordings: the bilayer was formed by the Mueller- 6205.
Rudin method (Mueller et al., 1963) using synthetic phospholipids
Baker, K.P., Schaniel, A., Vestweber, D., and Schatz, G. (1990). A(DPPC) dissolved in n-decane at 20 mg/ml. The channel was incor-
yeast mitochondrial outer membrane protein essential for proteinporated in the bilayer by fusion of bovine brain phosphatidylethanol-
import and cell viability. Nature 348, 605±609.amine/phosphatidylserine (7:3) proteoliposomes containing the pu-
Beckmann, R., Bubeck, D., Grassucci, R., Penczek, P., Verschoor,rified TOM complex proteins in the presence of an osmotic gradient
as previously reported (FeÁ vre et al., 1994). Solution on both sides A., Blobel, G., and Frank, J. (1997). Alignment of conduits for the
of the bilayer was 150 mM NaCl, 10 mM HEPES/NaOH (pH 7.4). nascent polypeptide chain in the ribosome-Sec61 complex. Science
278, 2123±2126.
Electron Microscopy Benz, R., Janko, K., Boos, W., and LaÈ uger, P. (1978). Formation
For negative staining, 5 ml droplets containing TOMcomplex (10±100 of large, ion-permeable membrane channels by the matrix protein
mg protein/ml) in 10 mM MOPS-KOH (pH 7.0), 50 mM KCl, and (porin) of Escherichia coli. Biochim. Biophys. Acta 511, 305±319.
10% glycerol were applied to fresh, glow-discharged carbon-coated
Benz, R., Janko, K., and LaÈ uger, P. (1979). Ionic selectivity of porescopper grids (400 mesh) for approximately 60 s. The specimens
formed by the matrix protein (porin) of Escherichia coli. Biochim.were washed twice with deionized water. Following blotting with
Biophys. Acta 551, 238±247.filter paper to remove excess liquid, TOM particles were stained
Brix, J., Dietmeier, K., and Pfanner, N. (1997). Differential recognitionwith 1% aqueous uranyl acetate for 60 s. Electron microscopy was
of preproteins by the purified cytosolic domains of the mitochondrialperformed at 120 kV on a Philips CM12 electron microscope
import receptors Tom20, Tom22, and Tom70. J. Biol. Chem. 272,equipped with a LaB6 filament and a Gatan image intensifier system.
20730±20735.Images were recorded at magnifications of 33,6003 and 43,8003
using an underfocus of between 1 and 2.5 mm. Brundage, L., Hendrick, J.P., Schiebel, E., Driessen, A.J.M., and
Wickner, W. (1990). The purified E. coli integral membrane protein
Image Processing and Classification SecY/E is sufficient for reconstitution of SecA-dependent precursor
Micrographs were digitized into 2048 3 2048 3 16 bit arrays using protein translocation. Cell 62, 649±657.
an Eikonix densitometer at a step size of 4.46 AÊ /pixel (33,6003 Cao, W., and Douglas, M.G. (1995). Biogenesis of ISP6, a small
magnification) or 3.42 AÊ /pixel (43,8003 magnification). Further im-
carboxyl-terminal anchored protein of the receptor complex of the
age processing was performed on Silicon Graphics (Mountain View,
mitochondrial outer membrane. J. Biol. Chem. 270, 5674±5679.CA) workstations using the EM software (Hegerl, 1996). Images were
Court, D.A., Lill, R., and Neupert, W. (1995). The protein importlow-pass filtered to the first zero of the electron microscope contrast
apparatus of the mitochondrial outer membrane. Can. J. Bot. 73,transfer function, corresponding to cutoff frequencies between (18
193±197.AÊ )21 and (30 AÊ )21. Top views (2467) of the TOM complex were manu-
ally marked in the digitized images. After extraction of frames with Crowley, K.S., Liao, S., Worrell, V.E., Reinhart, G.D., Johnson, A.E.,
64 3 64 pixels, the particle images were scaled to a common pixel Crowley, K.S., Reinhart, G.D., and Johnson, A.E. (1994). Secretory
size of 4.46 AÊ . Using a synthetic double-ring model with smooth proteins move through the endoplasmic reticulum membrane via
borders as a first reference, the images were iteratively aligned with an aqueous, gated pore. Cell 78, 461±471.
respect to translation and rotation via cross correlation (Frank et Dekker, P.J., Muller, H., Rassow, J., and Pfanner, N. (1996). Charac-
al., 1981). Using multivariate statistical analysis (MSA) (van Heel terization of the preprotein translocase of the outer mitochondrial
and Frank, 1981; Frank and van Heel, 1982), 30 eigenimages were membrane by blue native electrophoresis. Biol. Chem. 377, 535±538.
calculated. Using the 15 most significant eigenimages (with respect
de Kroon, A.I., Dolis, D., Mayer, A., Lill, R., and de Kruijff, B. (1997).to their eigenvalues), the data set was divided into 20 classes. Three
Phospholipid composition of highly purified mitochondrial outersets of images were generated from classes representing particles
membranes of rat liver and Neurospora crassa. Is cardiolipinpresentwith one, two, or three pores. The classes obviously representing
in the mitochondrial outer membrane? Biochim. Biophys. Acta 1325,disintegrated particles were excluded from further processing. For
108±116.the three sets, the alignment was separately refined, using the aver-
age of each set as a first reference. MSA and classification was Dietmeier, K., HoÈ nlinger, A., BoÈ mer, U., Dekker, P.J.T., Eckerskorn,
repeated for the three data sets to verify their homogeneity. For C., Lottspeich, F., KuÈbrich, M., and Pfanner, N. (1997). Tom5 func-
the images showing three pores, two independent averages were tionally links mitochondrial preprotein receptors to the general im-
calculated from images with odd and even numbers; and from the port pore. Nature 388, 195±200.
Fourier-ring correlation (Saxton and Baumeister, 1982) between FeÁ vre, F., Henry, J.P., and Thieffry, M. (1994). Reversible and irre-
those averages, a resolution of (24 AÊ )21 was determined. versible effects of basic peptides on the mitochondrial cationic
channel. Biophys. J. 66, 1887±1894.
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